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ABSTRACT We demonstrate a novel tempo-spatial mixed-modulation Fourier-transform infrared imaging
spectrometer. The static interference channel based on a stepped micro-mirror contributes a compact system
with high stability. The instrument functions in two spectral bands ranging between 3.7-4.8 pum and
7.7-9.3 pum, and the spectral resolution of the dual-interference channels achieves 51.5 and 4.1 cm™ 1,
respectively. The instantaneous field of view is 0.15 mrad, and the working F/1.93 enables high optical

throughput. The optical design and tolerance are presented with experimental investigation results, showing

attractive potential in remote sensing application.

INDEX TERMS
stepped micro-mirror, optical design.

I. INTRODUCTION

Capable of simultaneously obtaining images and spectral
information [1], [2], imaging spectrometry is widely used as a
non-contact detection instrument in environmental pollution
monitoring, hazardous gas detection, and aerospace remote
sensing [3]-[6]. Many harmful gases have strong absorption
peaks in the infrared region, e.g, CO; has a strong absorption
peak at 4.3 um, SO; at 7.4 um, and NH3 at 8.3 m, which
means that the infrared is an important and effective region
for pollutants monitoring. Fourier-transform imaging spec-
trometers (IFTS) are based on the principle of the Michelson
interferometer [7]-[9]. The different modulation methods can
be divided into temporal modulation, spatial modulation, and
tempo-spatially mixed modulation (TSMIFTS) [10], [11].
TSMIFTS does not require a precision moving mirror system
or a slit that restricts the luminous flux. Conversely, it has
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advantages of high throughput, resolution, stability and a fast
response, which lead to increasing research attention.

In 2011, Matallah et al. designed a Fourier-transform
imaging spectrometer [12]; the mirror of the Michelson
interferometer was replaced by a corner mirror to realize
a compact structure, and a spectral resolution of 25 cm™!
was obtained in 3-5 um. In 2018, Yan er al. proposed a
high-resolution channel imaging spectral polarimeter using a
liquid crystal variable retarder (LCVR) [13], [14], the simu-
lation experiment results showed that in the working range of
0.48-0.96 pum, the theoretical resolution of the spectrum
could reach 40 cm~!. In 2019, Michael et al. proposed
a mid-wave infrared hyperspectral imager based on a
single-mirror interferometer structure [15]-[18], the hyper-
spectral data cube was obtained by the windowing method,
and a spectral resolution of 12 cm™!' was achieved in
3.8-13 pm.

The above studies show that a wide-band, high-spectral
resolution infrared imaging spectrometer is of significant
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interest. At present, most reported TSMIFTS function in
the visible/near-infrared band, and their spectral resolution
needs to be improved. This work proposes a dual-interference
channel and bispectrum static TSMIFTS. The instrument has
the following characteristics: (1) a stepped micro-mirror is
used to replace the moving mirror system, which provides the
advantages of a compact structure and high stability; (2) the
bispectrum design satisfies the requirements for infrared fin-
gerprint identification of most pollutants, and the design
of dual-interference channels enables rapid qualitative and
quantitative analysis of substances; and (3) the athermalized
design of the opto-mechanical structure allows the instru-
ment to realize higher environmental adaptability. This paper
provides the basic working principle of the instrument and
reports the optical design, laboratory calibration, and experi-
mental test results.

II. SPECIFICATIONS AND OPTICAL DESIGN

A. BASIC WORKING PRINCIPLE

Figure 1 depicts the basic structure of the TSMIFTS, consist-
ing of a front common-aperture telescope, dual-interference
modules, a medium-wave infrared (MWIR) and long-wave
infrared (LWIR) rear imaging system, and a folding mirror to
realize a compact structure. Here, the dual-interference mod-
ule integrates a high-resolution interference channel and a
broad-band interference channel. Two stepped micro-mirrors
with different step heights are used in the two interference
channels to generate optical path differences (OPD). The
selection of the interference channel is realized by con-
trolling the switch mirror pair. The working principle is
as follows: the light emitted by the target enters the front
common-aperture telescope at different angles of view; it
is then split by the beam splitting system and imaged on
the plane mirror and the stepped micro mirror. The step
height difference leads to the conjugate image points on the
plane mirror and the stepped micro-mirror at the same step
sequence to have a fixed phase difference. Then, these two
coherent image points are used as the object points of the rear
imaging system and are again imaged on the focus plane array
(FPA), and the corresponding interferogram is generated at
the same time. A dichroic mirror is used to separate the
MWIR and LWIR for detection, and medium wavelength is
reflected while the long wavelength is transmitted. The filter
is placed in front of the detector window. By using circum-
ferential scanning, the target enters the system with different
field angles and is imaged on the adjacent sub-step reflective
surface. This scanning angle interval needs to be accurately
calculated; during scanning, it needs to be ensured that the
scanning direction is consistent with the direction of the step
height difference, and the complete interference sequence of
the target can be obtained after the entire scanning period
is completed. A discrete Fourier transform is performed on
this interference sequence to obtain the spectral informa-
tion of the object point. By cutting and stitching a series
of scanned images with interference fringes, a panoramic
two-dimensional image of the target can be thus obtained.
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FIGURE 2. Schematic diagram of the stepped micro-mirror.
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The stepped micro-mirror is used to generate the OPD.
Figure 2 shows a schematic diagram of the stepped micro-
mirror. The length of the stepped micro-mirror is L, the width
is W, the width of the sub-step reflection surface is a, and
the step height is d. Therefore, the OPD is determined by the
height d and the number of steps n:

8 (n) = 2nd (D

The OPD of the interference system is equal to 2 times the
total height of the steps. For the TSMIFTS proposed in this
paper, the interference light field is cut into N units along
the y direction of the stepped micro-mirror. Every unit of the
same step sequence has the same optical path. The detector
obtains interference fringes in the y direction. The relation-
ship between the interference intensity and the interference
order is given by the following equation:

I[x,y,6(n)] = /B(x, v, v)exp [j2rvé(n)]ldv 2)

where v = 1/A is the wave number, and the spectral infor-
mation of the target point can be obtained by performing a
discrete Fourier transform on the interference sequence §(n)
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corresponding to the target point (x, y):

N-1

B(x,y,v) =2d Z I(x,y, n)exp(—j2rv2nd) 3)
n=0

B. PERFORMANCE AND DESIGN SPECIFICATIONS

The performance and design parameters of TSMIFTS are
summarized in Table 1. The working spectral regions of the
system are between 3.7—4.8 um and 7.7-9.3 pum. To realize
qualitative analysis of the target, the spectral resolution of the
broad-band channel was set to 50 cm™!; for quantitative anal-
ysis of the target concentration, the spectral resolution of the
high-resolution channel was set to 3.2 cm™!. The detection
distance was 200—2000 m, and the spatial pixel resolution
at 2000 m was 0.3 m. The system field of view (FOV) was
2.75 x 2.2°, and the instantaneous field of view (IFOV) in
the scanning direction was 0.15 mrad. Two cooled HgCdTe
infrared detectors with 320 x 256 pixel array was used in the
medium and long wave imaging channels, respectively. The
pixel size was 30 um x 30 um and the working temperature
of the detector was 77 k. The working F—number was 1.93 to
ensure high throughput of the system.

TABLE 1. Specifications of FTIS.

Parameters Value

Spectral range 3.7-4.8 pm, 7.7-9.3 um

Spectral resolution 50cm™,3.2 cm™
Focusing rang 200-2000 m

Spatial resolution 0.3 m

FOV 2.75%2.2°

IFOV 0.15 mrad

Detector array size 320% 256

Pixel size 30%30 pm
Detector temperature 77K
Working F-number 1.93

C. INTERFERENCE CHANNEL DESIGN

In the broad-band interference channel, based on the classical
Nyquist-Shannon sampling theorem [19], [20], the sampling
frequency of the interference system should be greater than
2 times the highest input frequency:

Fy > 2fH (4)

where F is the system sampling frequency, and its value is
equal to 1/2d1; fg = 1/Ain. The minimum working wave-
length of the instrument is A.,; = 3.7 um, so the sampling
interval, i.e. the step height, must satisfy d; < Ay,/4 =
0.925 um, the lowest sampling frequency Fs > 2/Apin =
5405 cm™!. To ensure a certain margin, a step height of
d; = 0.625 um and sampling frequency of Fy = 1/2d; =
8000 cm™~! are determined. The relationship between spectral
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resolution and OPD is given by:

1
Av =

6Il’lle (5)
Based on Eq. (1) and Eq. (5), to achieve a spectral resolu-
tion of 50 cm™!, the number of steps is N = 1/2d; Av = 160.
For high-resolution interference channels, a large-step
structure was used to increase the OPD. When the number of
steps is N = 160 and the height of the steps is d = 10 um,
the spectral resolution Av = 1/2nd> = 3.125 cm™. At this
time, the sampling frequency of the system is Fy = 1/2dp =
500 cm ™'« 5405 cm™!, and the classical sampling criteria
are no longer applicable. To avoid aliasing of the recon-
structed spectrum, a narrow-band filter was placed before
the detector to filter the input signal into a bandpass signal.
The sampling frequency F of the bandpass signal is given by

the following equation:
Ioope o k<L ®)

K K—-1 BW

where BW is the input signal bandwidth, f; represents the
lowest input frequency, and K is any integer less than or
equal to fi /BW . Based on the sampling theorem of bandpass
signals, the sampling frequency F depends on the signal
bandwidth BW and the center wavelength (CWL). Choose
filters with a suitable BW and center frequency to make the
sampling frequency Fs meet the above formula enable sam-
pling below the Nyquist frequency. The filter parameters for
recognition of common polluting gases are shown in Table 2.

TABLE 2. Narrow-band filter specifications.

CWL/nm Value Material Thickness/mm
4120 80 Sapphire 1
4275 50 Sapphire 1
4515 90 Sapphire 1
4685 95 Sapphire 1
8242 150 Ge 1
8688 180 Ge 1
8834 210 Ge 1
8940 265 Ge 1

The specific parameters of the small-step micro-mirror
and the large-step micro-mirror used in this work are shown
in Table 3. Because the two step mirrors share the same
imaging system, the other parameters are the same except the
step height d that determines the OPD is different. The size of
the stepped micro-mirror is 32 mm x 25.6 mm, the number
of steps is N = 160, the step height di = 0.625 um,
dy = 10 pum, the length of the sub-step surface L = 25.6 mm,
and the width is ¢ = 0.2 mm. To ensure complete acquisition
of interference information, we set the number of pixels
corresponding with the width of the sub-step surface to 2,
and the pixel size of the detector was p = 30 um, hence,

81873



IEEE Access

J. Ren et al.: Optical Design and Investigation of Dual-Interference Channels and Bispectrum Static IFTS

TABLE 3. Stepped micro-mirror specifications.

Parameters

Small-step
micro-mirror

Small-step
micro-mirror

32 mmx25.6 mm

32 mmx25.6 mm

Stepped micro-

mirror size
Step numbers 160 160
Step height 0.625 pm 10 pm
Sub-Step width 0.2 mm 0.2 mm
Sub-Step length 25.6 mm 25.6 mm
|
Imag of the | Sitb-ste
plane mirror P
1 nd n n=79
Le—s

n=78

FIGURE 3. The imaging process on stepped surface and plane mirror (a)
defocus caused by stepped structure and (b) interference and imaging
process on FPA.

the vertical magnification of the rear imaging system can be
obtained as Breqr =2 X p/a =2 x 30 um/0.2 mm = 0.3.

D. IMAGING ANALYSIS

The stepped structure would cause corresponding defocusing
of the image points on different steps, resulting in a decrease
in the quality of the final image. Figure 3(a) shows the
imaging process of the front imaging system on the plane
mirror and the corresponding Nth sub-step. A; is the real
image point, which is imaged on the step mirror. A, is the
virtual image point, which is imaged at the mirror position
of the plane mirror relative to the sub-step. The defocus
generated by the sub-step is dgefocus = nd, and the distance
is I = 2nd, where n € (—N/2,N/2 —1). The middle
sub-step is generally set at the 0-level, and the image of the
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FIGURE 4. Design results of the fore-optics (a) spot diagram in the
3.7-9.3 um spectral range and (b) the temperature focusing
compensation in the MWIR and LWIR.

plane mirror and the position of the sub-step surface coincide
at this point. Based on the wave aberration theory and the
Rayleigh criterion, when the maximum defocus of the optical
system is less than the focal depth of the optical system
o = 2)\F#2, the image can be regarded as clear, where F# is
the working F number of the imaging system. The working
F number of the rear imaging system is F* = 1.93; then,

rear
the working F number of the front imaging system F#

ront —
F# /B = 1.93/0.3 = 6.43. The calculated minimurfl focal
depths of the front imaging system for the MWIR and LWIR
are 0.306 and 0.637 mm, respectively. There is a maximum
defocus between the edge sub-step and the plane mirror,
which is 0.05 and 0.8 mm for the MWIR and LWIR bands,
respectively.

A1 and A; are the coherent object points of the rear imag-
ing system, and the secondary imaging process is shown
in Figure 3(b). The position of the Gaussian image plane
corresponding to Aj is A/l, and the position of the Gaus-
sian image plane corresponding to A; is A,Z. To balance
the speckle size of the image points on the two Gaussian
image planes in the same pixel, the FPA needs to be placed
at the midpoint of the two Gaussian image planes. Based
on the relationship between the axial magnification and the
vertical magnification of the rear imaging system o = 2,
there is a distance [ = o - [ = 2p°nd. From the cal-
culations, the minimum focal depths of the rear imaging
system for the MWIR and LWIR are 0.027 and 0.057 mm,
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FIGURE 5. Results for the integrated optical system (a) spot diagram of the MWIR, (b) spot diagram of the
LWIR, (c) MTF drift in the MWIR, and (d) MTF drift in LWIR.

respectively, and the maximum defocus corresponding to the
small-step micro-mirror and the large-step micro-mirror are
0.0045 and 0.072 mm, respectively. The above results show
that the defocus of the small-step micro-mirror is within the
focal depth of the imaging system, while the defocus of the
large-step micro-mirror is greater than the focal depth of
the front imaging system, and the image quality on the edge
sub-step mirror is reduced. To obtain high-quality stitched
images, we selected the images on the O-level sub-step for
stitching.

E. OPTICAL DESIGN

For the TSMIFTS proposed in this paper, the optical system
consists of a common-aperture telescope and rear imaging
system. We designed the two parts separately, and then inte-
grated and optimized them. The beam splitting system is
equivalent to two parallel plates placed in the optical path
with an angle of 45°, which would cause large astigmatism,
hence, a cylinder is used in each sub-system to balance
the aberration. Because the dichroic mirror reflects MWIR
and transmits LWIR, the dichroic mirror should also be
considered when designing the LWIR rear imaging system.
A ZnSe beam splitter and a ZnSe dichroic mirror are used
for high transmittance in both bands. The optical components
and mechanical structure are affected by the ambient tem-
perature. The front imaging system adopts an active focus-
ing method to compensate for defocusing, and the MWIR
and LWIR rear imaging systems adopt a passive a thermal
design.
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The spot diagram of the common-aperture telescope is
shown in Figure 4(a). In the 3.7-9.3 um spectral range,
the RMS radii of the image points in the normalized field of
view of 0, 0.7, and 1 are all smaller than the diffraction limit.
The compact three-piece structure is achromatic in a broad-
band range. The relationship between the focus compensation
of the common-aperture telescope and temperature is shown
in Figure 4(b). The MWIR temperature focus compensation
is 0.5 mm and it is 0.8 mm for the LWIR.

To improve the accuracy of ray tracing, we set the detector
cold diaphragm as the aperture diaphragm of the integrated
optical system to ensure 100% cold diaphragm matching.
The design results of the integrated optical system are shown
in Figure 5. The maximum RMS radius of the normalized
field of view for the two wavebands is 9.8 um, which is
<15 pum (the half-size of a single pixel). At a temperature
of 20 °C, the system modulation transfer function (MTF)
value exceeds 0.71 and 0.59 for the MWIR and LWIR bands,
respectively, and the MTF drift of the system is <0.025 within
the temperature range of —20 to 60 °C, which shows that the
optical system is temperature insensitive. The surfaces of all
the lenses of the optical system are coated with a broadband
anti-reflection coating. The average transmittance of the three
lenses of the common-aperture telescope is >97.5% in the
spectral range of 3.7—4.8 um and 7.7—9.3 um. The average
transmittance of the lenses of the MWIR and LWIR rear
imaging systems in the working spectrum is >98.2% and
>98%, respectively, enabling the high luminous flux of the
system.

81875



IEEE Access

J. Ren et al.: Optical Design and Investigation of Dual-Interference Channels and Bispectrum Static IFTS

lIl. TOLERANCE

A. TOLERANCES OF THE IMAGING SYSTEM

The back working distance of the common-aperture telescope
and the rear imaging system was used to compensate for
deviation of the optical system during processing and assem-
bly, and the diffraction MTF was used as the standard for
evaluation of the imaging system tolerance. After switching
the ray aiming on, the tolerance sensitivities were obtained by
running Monte Carlo analysis, the tightest offenders was the
first len of the common-aperture telescope. The surface tilt
is about 20” and the element tilt is about 40”. In general, the
tolerance of the imaging system is feasible. The MTF values
for the MWIR and LWIR channels at the characteristic fre-
quency of 17mm/lp have a 90% probability of being greater
than 0.55 and 0.48, respectively.

B. TOLERANCES OF INTERFERENCE SYSTEMS

The core components of the interference system are plane
mirrors and stepped micro-mirrors. The static interference
structure avoids random and dynamic tilt errors generated
by the moving mirror system during motion [21]. However,
because of accuracy limitations during assembly, the plane
mirrors and stepped micro-mirrors always have tilt error
angles. Since the error caused by the tilt of the plane mir-
ror and the stepped micro-mirror are equivalent, figure 6(a)
shows the situation when the interference system has a tilt
error, and the dotted line represents a tilted plane mirror. The
tilt direction of the plane mirror is along the direction of
the step height difference, the beam diameter is equal to the
length L of the stepped micro-mirror, the angle between the
ideal plane and the inclined plane is 6, and the intersection
of the optical axis and the plane mirror is O, then, the OPD
offset A is given by:

A =tanf - x 7)

where x is the distance from the optical axis and the value
range is x € (—L/2,L/2). Substituting Eq. (7) into Eq. (1),
the OPD becomes:

8'(n) =2nd + 2tanf - x (8)

It can be seen from Eq. (8) that under the influence of
tilt error, the OPD at different positions x on the same step
level is no longer a fixed value. On substituting Eq. (8) into
Eq. (2), for monochromatic light with a wavelength of A,
an interference sequence with a tilt error is obtained:

I'(x,y,8n)
1 (n+1)a
= - / B(v)exp {j271v~ [an + 2tanf -x]}dx
a Jn

a

= sinc(2mvatan6) - B(v)
x exp {j2mv - [2n(d + a - tan®) + tan6 -a|}  (9)

Interferogram modulation depth M:
M = sin c(2mvatan6) (10)
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FIGURE 6. (a) Schematic diagram of interference system with tilt error
and (b) relation curve of the inclination angle ¢ to the modulation depth
over the working range 3.7-9.3 um.

Initial phase of the interferogram ¢q:
@y = 2mwvatanf (1

where a = 0.2mm is the width of the sub-step. Equa-
tion (10) shows that when there is a tilt error in the interfer-
ometric system, the cosine component of the interferogram
received by the detector is modulated by sinc(2mwvatand),
resulting in a decrease in the modulation of the interferogram.
Equation (11) shows that there is an initial phase error term
@o = 2mvatanf in the cosine component, which leads to a
decrease in the signal-to-noise ratio (SNR) of the interfero-
gram. The modulation error and phase error in the interfero-
gram are not related to the step height d and only related to the
incident wavelength A and the sub-step width a. Therefore,
the calculated tilt angle tolerance is applicable to two inter-
ference channels. Figure 6(b) shows the relationship between
the tilt angle and the degree of modulation at different wave-
lengths, taking the interferogram modulation degree reduced
by up to 90% of the ideal state as a reference: M > 0.9.
The maximum tilt angle allowed by the interference system
is obtained at the wavelength A,,;, = 3.7 wm, the tilt angle
Omax = 0.133°.

The initial phase would cause the period of the interfero-
gram to change and cause a reduction in the SNR. The period
change of the interferogram caused by the initial phase should
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be less than A /SNR:
Yo _ *
2wv — SNR
To ensure the accuracy of spectrum restoration, the SNR
threshold was set to 100, and the maximum tilt angle was
obtained at a wavelength of A,,;, = 3.7 um, the tilt angle
Omax = 0.01° = 36”. Compared with decreased modulation,
the phase error was more sensitive to the tilt angle, but it was
still acceptable for assembly.

(12)

IV. EXPERIMENT AND RESULT ANALYSIS

A. SYSTEM PROCESSING AND TESTING OF THE STEPPED
MICRO-MIRROR

Here, 3D laser confocal scanning microscopy (LSCM)
VK-X1000 was used to measure the step height and surface
topography of the small-step and large-step micro-mirrors.
The total length of the scan was 32 mm and the scan
range covered all the steps. The partial scan results of the
stepped micro-mirror are shown in Figure 7. The measure-
ment parameters are summarized in Table 4.

TABLE 4. Measured parameters of the stepped micro-mirror.

Measured Small-step Larger-step
Parameters micro-mirror micro-mirror
Average sub-step 0.6187 9.982
height/pum
Standard 0.0307 0.0413
deviation/um
Surface 0.0255 0.0336
roughness/pm

B. MECHANICAL DESIGN AND ASSEMBLY

The imaging spectrometer was composed of a front common-
aperture telescope, a dual-interference module, and a rear
imaging system. These three independent systems were
assembled on the main frame. The pitch axis of the U-shaped
support arm coincides with the center of gravity of the
instrument. The electric turntable allows the instrument
to be adjusted and enables surrounding vision, as shown
in Figure 8.

The main principles of the assembly and alignment of
the system are as follows. First, the mechanical brackets
and optical elements are fabricated and tested to ensure that
they meet the designed tolerances. Then, the three systems
are assembled and aligned, and interferometry is used to
calibrate the angle deviation of the three cylindrical lenses
and test the parallelism of the flat plates and the mirrors in
the dual-interference module. These three systems are then
integrated into the main frame and aligned with the compen-
sator for a good performance.

C. SPECTRAL CALIBRATION

Eight narrow-band filters with known wavenumber positions
in Table 2 were used to calibrate the high-resolution inter-
ference channel and the broad-band interference channel.
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FIGURE 7. LSCM local scanning results of (a) small-step micro-mirror and

(b) large-step micro-mirror.
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W Tumtable \éj
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FIGURE 8. (a) Opto-mechanical model and (b) assembly of imaging
spectrometer.

The light emitted by the point source black body entered
the imaging spectrometer after beam expansion and colli-
mation, and the narrow-band filter was switched by rotating
the filter wheel to obtain the corresponding spectral data.
The obtained spectral curve of the broad-band interference
channel after calibration is shown in Figure 9(a)—(b). The
maximum wavenumber drift occurs at a CWL of 8.688 um
(1151 cm™"). The calibration demonstrates a resulting value
of 1147.1 cm~! with a deviation of 0.34%. The obtained
spectral curve after calibration of the high-resolution inter-
ference channel is shown in Figure 9(c)—(d). The maxi-
mum wavenumber drift occurred at a CWL of 4.515 um
(2214.8 cm™ 1), and the calibration value is 2207.7 cm~! and
has a deviation of 0.32%.
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FIGURE 9. Calibration results of the filters (a) MWIR filters in broad-band interference channel, (b) LWIR filters in broad-band
interference channel, (c) MWIR filters in high-resolution interference channel, and (d) LWIR filters in high-resolution

interference channel.

D. SPECTRAL RESOLUTION

The theoretical value of the spectral resolution is given by
Eq. (5), and the actual resolution can be determined by
the FWHM of the measured absorption line. The resolution
design indexes of the high-resolution interference channel
and broad-band interference channel of the imaging spec-
trometer proposed in this paper are 3.2 cm~! and 50 cm™!,
respectively. We placed a liquid cell with a diameter of 1
inch and a length of 3 mm between the point-source black
body and the beam expanding collimation system, and then
measured the spectrum of acetonitrile in the broad-band
interference channel. The measurement results are shown
in Figure 10(a). The black line is the standard spectrum,
which derives from the chemical database of the Shanghai
Institute of Organic Chemistry. The main absorption peak
of acetonitrile in the response band is 2246 cm™! and the
FWHM is 22 cm~!. The red line is the measured acetonitrile
spectrum, the absorption peak is at 2252.4 cm™!, with a
wavenumber deviation of 0.27% and a FWHM of 51.5 cm™".
Ammonia was used for testing the high-resolution inter-
ference channel. The gas cell had a diameter of 150 mm
and a length of 300 mm, and it was placed between the
beam expanding collimator system and the optical system.
The CWL of the narrowband filter was 8.242 um and the
FWHM was 150 nm. The measurement results are shown
in Figure 10(b). The black line is the standard spectrum from
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the NIST. In the narrow band, the absorption peak of ammo-
niais at 1215.3 cm™! and the FWHM is 4 cm™!. The red line
shows the measured ammonia spectrum, with an absorption
peak at 1212.6 cm™!, and its wavenumber deviation is 0.23%
and a FWHM of 4.1 cm~!. The above results show that
both interference channels have a certain degree of peak
position shift and absorption line broadening, which may be
caused by factors such as interferogram sampling error and
the apodization function.

E. INSTRUMENT SNR
The RMS value of noise on the 100% transmittance line of
the air background spectrum in a specific band is calculated,
and the reciprocal of the RMS is taken to obtain the SNR of
the instrument. We use a point-source black body as a light
source, and the SNR calculation is as follows:
1
SNR = —— (13)
(r.-7)°

1

>

1
X
]

where T is the 100% transmittance line obtained by dividing
two background spectra collected under the same conditions
in air, T is the arithmetic average of the 100% transmittance
line, T; is the value of the i-th channel, and X is the total
number of channels. In the spectral response range of this
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FIGURE 10. Infrared detection experiment with the high-resolution
channel and the broad-band channel, (a) normalized transmittance curve
of acetonitrile and (b) normalized transmittance curve of ammonia.

TABLE 5. SNR of the instrument.

Interference channel MWIR LWIR
Broad band 343 697
High resolution 404 926

instrument, the evaluation band selected for the MWIR was
2100-2200 cm™!, and it was 1075-1250 cm™! for the LWIR.
Thirty air background spectra were collected for the two
interference channels, and the average 100% transmittance
line was taken to avoid random errors caused by a single
measurement. In the SNR test of MWIR and LWIR, the tem-
perature of the point source blackbody is set to 375 K and
500 K respectively, the SNR calculation results are shown in
Table 5.

F. NOISE EQUIVALENT TEMPERATURE DIFFERENCE

The noise equivalent temperature difference (NETD) is an
important indicator to measure the sensitivity of the spec-
trometer. The theoretical calculation formula of NETD is as
follows:

4F2 /NS,

ntovAd D_jf)iz Mg—g‘g)dk

NETD = (14)

where F = 1.93 is the working F-number of the opti-
cal system, Af, is the noise equivalent bandwidth of the
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FIGURE 11. NETD of MWIR and LWIR channels.

FIGURE 12. MWIR panoramic image based on small-step micro-mirror.

detector, 79 is the transmittance of the optical system,
Ad is the area of a single pixel of the detector, and Dj is
the spectral average detection rate of the detector. Ly (Tp) =
c1/ (AS X (eCZ/ My _ 1)) is the spectral radiance of the black
body, c¢; = 3.7415 % 10~ 1°W . m2 is the first radiant constant,
c» = 1.4388 x 10~2m - K is the second radiant constant,
Tp is the absolute temperature of the black body, A1 and A;
are the response cut-off wavelengths of the detector. Figure 11
shows that when the absolute temperature of the black body
1s 300 K, the NETD values of the MWIR and LWIR channels
are 0.066 K and 0.129 K, respectively.

G. IMAGING TEST

The imaging test on the target area was performed at a dis-
tance of 800 m. The scanning angle interval w was determined
by the FOV of the instrument and the number of steps N,
w = FOV/N = 2.75°/160 = 61.875", and 300 frames of
interference images were obtained. The feature-based image
stitching method was used to cut and stitch the images on the
0-level sub-step in the obtained interference image sequence.
The image fusion algorithm eliminates gaps caused by step
stitching, and finally leads to a high-resolution panoramic
image of the target area, as shown in the Figure 12. The
calculation formula for the spatial pixel resolution(SPR) of
the optical system is as follows:

SPR = — (15)

where f’ = 200 mm is the focal length of the optical system,
p = 30 um is the pixel size, and H = 800 m is the detection
distance, and SPR = 0.12 m. We choose the window as the
reference object for the resolution test, as shown in the red
rectangular area in Figure 12. The number of pixels that it
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occupies in the height direction is 13, and the actual window
height is about 1.6 m. It can be calculated that the actual
spatial resolution of the instrument is about 0.123 m. The
image shows high-throughput and a high-resolution imaging
quality, which meet the design index requirements.

V. CONCLUSION

The imaging spectrometer proposed in this paper simul-
taneously functioned in the MWIR and LWIR. The
common-aperture telescope adopted a three-piece lens struc-
ture, which minimized broad-band achromatic aberration
while maintaining a compact optical system with high
throughput. The a thermal design of the instrument in a
temperature range of —20 to 60 °C was achieved by the
combination of active mechanical and passive optical a
thermalization. The standard deviation of the step heights
of the designed small-step and large-step micro-mirrors
were less than 0.0307 and 0.0413 pm, respectively, which
ensured accurate modulation of the OPD. The design of the
dual-interference channels module led to a compact system
with a stable interference system. The imaging capabilities
and spectral capabilities of the instrument were tested and
low-distortion, high-throughput, and high-spatial-resolution
panoramic images were obtained by stitching the 0-level
sub-step images together. The calibrated accuracy of the
broad-band and the high-resolution interference channels
were better than 0.34% and 0.32%, respectively. The infrared
spectra of acetonitrile and ammonia were measured, and
accuracy of the measured absorption peak positions were
within 0.27% and 0.23% respectively. The measured spectral
resolutions of the two interference channels were 51.5 and
4.1 ecm™!, respectively. The SNR of the instrument for the
two interference channels and two bands were determined,
and further evaluation has been planned to be carried out in
our future work.
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